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calcineurin; mitochondrial dynamics; cyclosporine A; FK506; Bax; cytochrome c THE INTRINSIC OR MITOCHONDRIAL pathway of apoptosis contributes to tubular cell injury and death during renal ischemiareperfusion, a major cause of acute kidney injury and renal failure (6, 14, 23, 26 -29, 34, 38, 41) . This apoptosis pathway is characterized by the accumulation of Bax in mitochondria, permeabilization of the mitochondrial outer membrane, and consequent release of apoptogenic factors from the intermembrane space (19) . One of the released factors is cytochrome c (cyt.c), which binds to Apaf-1 in cytosol to recruit and activate caspase-9, leading to the activation of the caspase cascade and apoptosis (37) . Obviously, a key control point in this pathway is the permeability of the mitochondrial outer membrane. It is recognized that Bcl-2 proteins play critical roles in the control of the outer membrane integrity (1, 11) . In addition, permeabilization of the outer membrane may depend on the condition of the mitochondria. In this regard, recent studies suggested that the shape or morphology of mitochondria may also be a determinant of mitochondrial outer membrane permeabilization during apoptosis (2, 31, 32) .
Mitochondria are a class of dynamic organelles, constantly undergoing fission and fusion (8) . The shape of mitochondria in a cell is thus controlled by fission and fusion events. Under normal conditions, fusion prevails and as a result, mitochondria assume a long or filamentous morphology. However, when a cell is stressed, the dynamic balance is shifted to fission, leading to mitochondrial fragmentation. Interestingly, emerging evidence suggests that mitochondrial fragmentation is involved in mitochondrial outer membrane permeabilization and subsequent release of apoptogenic factors during apoptosis (2, 8, 31, 32) . In renal cell and tissues, our recent work indicates that inhibition of mitochondrial fragmentation can suppress tubular cell apoptosis and kidney injury (4) , supporting a pathological role for this seemingly morphological change. The mechanism leading to mitochondrial fragmentation during tubular cell apoptosis is largely unknown. However, Drp1, a key fission protein, is activated early on apoptotic stimulation and translocates to mitochondria. Moreover, inhibition of Drp1 via a dominant negative mutant or siRNA can prevent mitochondrial fragmentation. In vivo, a pharmacological inhibitor of Drp1 can ameliorate mitochondrial fragmentation during renal ischemia-reperfusion and cisplatin nephrotoxicity (4, 5) . Together, these observations suggest a role for Drp1 in mitochondrial fragmentation and subsequent injury during renal injury. Despite these findings, the mechanism that regulates Drp1 during tubular cell apoptosis is unclear.
Recent studies suggested several interesting mechanisms of Drp1 regulation, including phosphorylation, dephosphorylation, and sumoylation (7, 9, 10, 33, 40) . In the present study, we show that Drp1 is dephosphoylated at serine-637 during ATP depletion in renal tubular cells. Drp1 dephosphorylation may be mediated by calcineurin and contribute to mitochondrial fragmentation, outer membrane permeabilization, and ensuing apoptosis.
MATERIALS AND METHODS

Cells and reagents.
The rat kidney proximal tubular cell line (RPTC) was originally obtained from Dr. U. Hopfer (Case Western Reserve Univ., Cleveland, OH) and cultured as described previously (2) . Antibodies were from the following sources: monoclonal mouse anti-Bax from MeoMarkers (Fremont, CA), mouse monoclonal anticytochrome c and anti-Drp1 from BD Pharmingen (San Diego, CA), mouse monoclonal anti-␤-actin from Sigma (St. Louis, MO), rabbit polyclonal antibody specific to phosphorylated Drp1 at serine-637 from Dr. C. Blackstone (National Institute of Neurological Disorders and Stroke, National Institutes of Health), and all secondary antibodies from Jackson ImmunoResearch (West Grove, PA). Digitonin was purchased from ICN Biomedicals (Aurora, OH). Cyclosporin A (CsA) and FK506 were purchased from Calbiochem (San Diego, CA) and AG Scientific (San Diego, CA), respectively. Other reagents and chemicals including azide were purchased from Sigma.
Analysis of mitochondrial morphology. Mitochondrial morphology was examined as described in our previous work (4, 5) . Briefly, RPTC cells were plated at ϳ60% confluence for transfection with pDsRed2-Mito (BD Clontech) using Lipofectamine 2000 (Invitrogen). Transfection of pDsRed2-Mito led to the expression of MitoRed, a red fluorescent protein, in mitochondria to label the organelles. The transfected cells were then evaluated for mitochondrial morphology by fluorescence microscopy. Filamentous mitochondria showed a long thread-like tubular structure, whereas fragmented mitochondria were punctate and sometimes rounded. In a given cell, its mitochondria were often either filamentous or fragmented with very rare cases of mix morphologies.
ATP depletion. ATP depletion was induced in RPTC cells by azide treatment or severe hypoxia. For azide treatment, the cells were incubated with 10 mM azide in a glucose-free Krebs-Ringer bicarbonate solution as previously described (4, 17, 36) . For hypoxia, the cells were incubated in a glucose-free Krebs-Ringer bicarbonate solution in a severe hypoxia chamber with Ͼ0.2% oxygen (16, 17, 29) . In both models, ATP depletion induces key mitochondrial events of apoptosis including Bax accumulation and cyt.c release. However, the development of apoptotic morphology occurs only after the ATP-depleted cells are returned to normal culture medium for recovery (4, 16, 17, 29, 36) . To test the effects of CsA and FK506, the compounds were dissolved in DMSO to prepare stock solutions before adding to the cell incubation buffer. The same amount of DMSO was added to the control groups to reveal the specific effects of the inhibitors.
Measurement of cell ATP. Cell ATP was determined using an ATP Bioluminescent Assay kit (Sigma). Briefly, cells were extracted with perchloric acid. After neutralization of the extract, the sample was mixed at a 1:1 ratio with the Bioluminescence reagent and read for luminescence immediately on a Turner Designs luminometer (Sunnyvale, CA). For each measurement, a standard curve was constructed using serial dilutions of ATP stock solution and the luminescence reading of the sample was converted to nanomolar amounts of ATP accordingly. Parallel dishes of cells were used to determine protein. The cell ATP level was expressed as nanomoles of ATP per milligram of cell protein.
Examination of apoptosis. Apoptosis was analyzed by morphological methods. Briefly, cells were stained with Hoechst 33342 and then examined by phase contrast and fluorescence microscopy. Apoptotic cells were identified by characteristic morphology including cellular condensation, formation of apoptotic bodies, and condensation and fragmentation of the nucleus. About 200 cells were examined in each 35-mm dish to determine the percentage of apoptotic cells.
Measurement of caspase activity. Caspase activity was measured by an enzymatic assay as previously described (4, 16, 17, 29, 36) . Briefly, cell lysate was collected with Triton X-100 and added to an enzymatic reaction containing DEVD.AFC (carbobenzoxy-Asp-GluVal-Asp-7-amino-4-trifluoromethyl coumarin; Enzyme Systems Products, Dublin, CA), a fluorogenic substrate of caspase-3, -6, and -7. After 1 h of reaction, fluorescence was measured at excitation 360 nm/emission 530 nm. For each measurement, free AFC (7-amino-4-trifluoromethyl coumarin) was used to construct a standard curve and the fluorescence reading of the samples was converted to nanomolar liberated AFC using the standard curve.
Cellular fractionation. To investigate the subcellular redistributions of Bax and cyt.c during apoptosis, cells were fractionated by using digitonin at low concentrations (4, 17, 29, 36) . Briefly, cells were permeabilized with 0.05% (wt/vol) digitonin in an isotonic sucrose buffer for 2-4 min at room temperature. The released cytosol was collected. Digitonin-insoluble part was further extracted with 2% SDS to collect the membrane-bound organellar fraction enriched with mitochondria.
Immunofluorescence of cyt.c. Cells were grown on collagen-coated glass coverslips for immunofluorescence as described in our previous studies (4, 17, 29, 36) . Briefly, cells were fixed with a modified Zamboni's fixative containing picric acid and 4% paraformaldehyde. The fixed cells were incubated with a blocking buffer containing 2% normal goat serum and then exposed to the primary antibody (mouse monoclonal anti-cyt.c). Finally, the cells were incubated with Cy3-labled goat anti-mouse secondary antibody. To reveal nuclear morphology, the cells were also incubated with Hoechst33342. The signals were examined by fluorescence microscopy.
Immunoblot analysis. A standard protocol of immunoblot analysis was followed. Briefly, the protein concentration of cell lysate was determined by using the BCA reagent (Pierce, Rockford, IL). Equal amounts of proteins were loaded for reducing SDS-gel electrophoresis and electroblotted onto PVDF membranes. After being blocked, the blots were incubated with a specific primary antibody and then exposed to the horseradish peroxidase-conjugated secondary antibody. Finally, antigens on the blots were revealed using the enhanced chemiluminescence kit from Pierce.
Statistics. Quantitative data were analyzed by Student's t-test and expressed as means Ϯ SD. Statistical differences between the means were determined using ANOVA followed by Tukey's posttest. P Ͻ 0.05 was considered to reflect significant differences. Qualitative data including cell images and immunoblots were representative of at least three independent experiments.
RESULTS
Dephosphorylation of Drp1 at serine-637 during ATP depletion in RPTC cells.
Drp1 is a key regulator of mitochondrial fission. Our recent work suggested that Drp1 is activated early during ATP depletion in renal tubular cells and contributes to mitochondrial fragmentation under the pathological condition (4). To understand the mechanism of Drp1 activation, our study was focused on the changes of its phosphorylation status. Especially, we analyzed Drp1 phosphorylation at serine-637, because phosphorylation of this site has been implicated in the regulation of Drp1 activation on apoptosis induction (7) . RPTC cells were subjected to ATP depletion by azide treatment in glucose-free buffer for 1 to 3 h, without or with 2 h of recovery in full culture medium. Whole cell lysate was collected for immunoblot analysis. As shown in Fig. 1 , Drp1 was highly phosphorylated at serine-637 in control cells (lane 1). In response to ATP depletion, Drp1 (Ser637) phosphorylation decreased rapidly (lanes 2-4). Drp1 became rephosphorylated after the cells were returned to full culture medium for recovery (lane 5). The expression level of total Drp1 did not show obvious changes during ATP depletion or subsequent recovery (Fig. 1) .
Inhibition of Drp1 dephosphorylation during ATP depletion by CsA and FK506. We further examined Drp1 during ATP depletion induced by severe hypoxia or anoxia. As shown in Fig. 2A , severe hypoxia induced a rapid dephosphorylation of Drp1, starting from the first hour and reaching the maximal in 2 h. Recent studies suggested the involvement of calcineurin in Drp1 dephosphorylation (7) . Thus, to understand the mechanism of Drp1 dephosphorylation during ATP depletion in RPTC cells, we examined the effects of CsA and FK506, two structurally dissimilar inhibitors of calcineurin. As shown in Fig.  2A , both CsA and FK506 prevented Drp1 dephosphorylation during hypoxia treatment (lanes 5, 6). Consistently, Drp1 dephosphorylation during azide treatment could be inhibited by CsA and FK506 in a dose-dependent manner (lanes 3-8 vs. lane 2). CsA showed significant inhibitory effects at 10 M, whereas FK506 was effective at 0.1 to 10 M. ATP depletion induced by azide was not affected by either CsA or FK506 (Fig. 2C) . Together, the results suggest that calcineurin may mediate Drp1 dephosphorylation during ATP depletion of RPTC cells.
Suppression of ATP depletion-induced mitochondrial fragmentation by CsA and FK506.
Functionally, Drp1 is a key regulator of mitochondrial fission in pathophysiological conditions. During ATP depletion in renal tubular cells, Drp1 is activated and contributes to mitochondrial fragmentation (4). To determine whether Drp1 dephosphorylation at serine-637 is involved in the regulation of mitochondrial morphology, we examined the effects of CsA and FK506 on ATP depletioninduced mitochondrial fragmentation in RPTC cells. As shown in Fig. 3A , mitochondria in control cells had a long, filamentous shape and formed a network in the cytoplasm. Upon azide-induced ATP depletion, the mitochondrial network broke down into small punctate organelles (Fig. 3B) . Notably, both CsA and FK506 could prevent mitochondrial fragmentation in a dose-dependent manner (Fig. 3, C and D) . The results suggest that calcineurin-mediated dephosphorylation may play an important role in the function of Drp1 for mitochondrial fission or fragmentation during tubular cell apoptosis.
Partial inhibitory effects of CsA and FK506 on bax translocation during ATP depletion. ATP depletion activates the intrinsic pathway of apoptosis in renal tubular cells (3, 36, 39) , which is characterized by the accumulation of Bax in mitochondria, permeabilization of mitochondrial outer membrane, and release of apoptogenic factors. To determine whether Drp1 dephosphorylation affects these critical events, we first analyzed Bax accumulation in mitochondria. To this end, cells were fractionated into the cytosolic fraction and the membranebound organellar fraction for immunblot analysis of Bax. As shown in Fig. 4 , Bax was detected mainly in the cytosolic fraction in control cells (lane 1) and after ATP depletion, it translocated to the mitochondria-containing organellar fraction (lane 2). Bax translocation during ATP depletion was not suppressed by 0.5-2 M CsA (lanes 4, 5) , but was noticeably blocked by 10 M CsA (lane 6). For FK506, inhibitory effects on Bax translocation were detected at 0.1, 1, and 10 M (lanes  8-10) . By densitometric analysis, we quantified the effects of CsA and FK506 by analyzing Bax immunoblots from separate experiments. The results showed that 10 M CsA suppressed Bax accumulation in mitochondria from 79 to 34%, while 10 M FK506 suppressed it to 40%. CsA and FK506 did not seem to prevent the release of cyt.c into the cytosol, although more cyt.c was preserved in mitochondria (Fig. 5A, lanes 4 -10) . Consistently, densitometric analysis of blots from separate experiments only showed marginal inhibitory effects of CsA and FK506 on cyt.c release during ATP depletion (Fig. 5B) . The lack of significant effects of CsA and FK506 on cyt.c release was unexpected, because both inhibitors suppressed ATP depletion-induced Bax accumulation in mitochondria (Fig. 4) . To further clarify this issue, we conducted immunofluorescence analysis to further determine the effects of CsA and FK506 on cyt.c release in situ within the cells. In control cells, cyt.c was visualized in perinuclear organelles or mitochondria. After 3 h of ATP depletion, a large population of cells showed diffuse cyt.c in their cytosol (arrowed for representative cells), indicating the release of cyt.c from mitochondria into cytosol. Importantly, the cyt.c release was inhibited by CsA and FK506. Cell counting showed that ATP depletion induced cyt.c release in 67% cells, which was suppressed to 43 and 30% by 10 M CsA and 10 M FK506, respectively (Fig. 5D) .
Effects of CsA and FK506 on apoptosis following ATP depletion in RPTC cells. In RPTC cells, ATP depletion induces the mitochondrial events of apoptosis. However, due to the lack of ATP, the cells cannot complete the apoptotic program to develop apoptotic morphology. When the ATP-depleted cells are returned back to full culture medium, the cells may produce ATP via glycolysis and develop typical apoptotic morphology (4, 17, 36) . Thus, to observe the effects of CsA and FK506 on apoptosis, RPTC cells were returned to culture medium for 2 h of recovery. As shown in Fig. 6A , many of the ATP-depleted cells developed apoptotic morphology during the recovery period. These cells became condensed and rounded-up and, in many cases, formed apoptotic blebs or bodies. Both CsA and FK506 had noticeable inhibitory effects on RPTC apoptosis following ATP depletion. To quantify the effects, the cells with apoptotic morphology were counted. As shown in Fig. 6 , B and C, 3 h of ATP depletion induced ϳ40% apoptosis in RPTC cells, which was suppressed by CsA and FK506 in a dose-dependent manner. At 10 M, CsA and FK506 suppressed apoptosis to 10ϳ15%. The morphological evaluation was supported by the measurement of caspase activity (Fig.  6D) . To determine whether CsA and FK506 can benefit longterm cell survival, we monitored cell viability at 24-h postazide treatment by MTT assay. As shown in Fig. 6E , there was a decrease of cell viability after azide treatment, which was partially prevented by both CsA and FK506.
DISCUSSION
Recent studies suggested an important role for the regulation of mitochondrial dynamics in mitochondrial injury during apoptosis (2, 8, 31, 32 ). Using both in vitro cell culture and in vivo animal models, our recent work demonstrated mitochondrial fragmentation and its involvement in tubular cell apoptosis, tissue damage, and renal failure in experimental models of acute kidney injury (4). It remains largely unclear as to how the mitochondrial dynamics are altered to result in fragmentation of the organelles. Nonetheless, it showed that Drp1 is rapidly activated and contributes to subsequent mitochondrial fragmentation under the pathological conditions. Mitochondrial fragmentation can be attenuated by the expression of a dominant-negative mutant of Drp1 or Drp1 knockdown siRNA in cultured tubular cells. In mice, mdivi-1, a pharmacological inhibitor of Drp1, can partially suppress mitochondrial fragmentation, tubular cell apoptosis, and renal injury during ischemia-reperfusion and cisplatin nephrotoxicity (4). Despite these observations, very little is known about Drp1 regulation during apoptosis of renal tubular cells. The results of the present study show that Drp1 is rapidly dephosphorylated at serine-637 on ATP depletion in RPTC cells. Drp1 dephosphorylation in these cells may involve calcineurin, as suggested by pharmacological evidence. Inhibition of calcineurin not only prevents Drp1 dephosphorylation but can also suppress mitochondrial fragmentation, Bax activation, cyt.c release, and apoptosis to various degrees. Together, these results suggest that Drp1 dephosphorylation at serine-637 may play an important role in Drp1 activation and subsequent alterations of mitochondrial dynamics during apoptosis of renal tubular cells.
Two pharmacological inhibitors of calcineurin, CsA and FK506, were used in this study. These two inhibitors are structurally dissimilar and functionally they target different receptor proteins with CsA binding to cyclophilin and FK506 to FKBP12. However, both CsA/cyclophilin and FK506/ FKBP12 complexes can bind to calcineurin, leading to its inhibition (21) . It is important to point out that CsA is also a well-documented inhibitor of mitochondrial permeability transition (MPT), porous defects in the inner membrane of mitochondria that lead to the loss of mitochondrial membrane potential (20, 25) . In renal tubular cells, cytoprotective effects have been recently documented for CsA during oxidant-induced cell death (13) . As MPT contributes to apoptosis in certain experimental models (25) , some of the effects of CsA observed in our present study may result from the suppression of MPT. Although this possibility has yet to be clearly clarified, the fact that FK506 also inhibited Drp1 dephosphorylation and mitochondrial fragmentation in RPTC cells supports the involvement of calcineurin in these regulations.
Calcineurin (also called protein phosphatase 2B) is a calmodulin-dependent, Ca 2ϩ -activated phosphatase that mediates the dephosphorylation of a variety of proteins at serine/threonine sites (20) . In renal tubular cells, ATP depletion by hypoxia or chemical inhibition of mitochondria leads to increases in intracellular free Ca 2ϩ (15, 24, 42) , which may activate calcineurin. In the regulation of apoptosis, calcineurin has been shown to dephosphorylate Bad, a proapoptotic Bcl-2 family protein (35) . The dephosphorylation leads to the translocation of Bad from cytosol to mitochondria, where it may interact with and neutralize the anti-apoptotic proteins such as Bcl-2 and Bcl-XL to facilitate apoptosis (35) . The results from the current study suggest that calcineurin may promote apoptosis through yet another mechanism, i.e., Drp1 dephosphorylation and mitochondrial fragmentation. These two mechanisms are not mutually exclusive and may actually work together to promote mitochondrial outer membrane permeabilization and the release of apoptogenic factors. Further investigations should examine the regulation of calcineurin in renal tubular cells and delineate the mechanisms underlying calcineurinmediated mitochondrial damage and apoptosis.
A technical issue noted in our study is the analysis of cyt.c release following cellular fractionation. In situ immunofluorescence showed clearly that both CsA and FK506 attenuated cyt.c release during ATP depletion (Fig. 5, C and D) , whereas cellular fractionation using low concentrations of digitonin followed by immunoblot analysis did not show significant effects of the inhibitors (Fig. 5, A and B) . The discrepancy of the results was apparently caused by the technical issues of the cellular fractionation method. During cellular fractionation, the cells are broken by physical procedures or chemical methods, leading to the exposure of mitochondria to an unnatural or nonphysiological environment. If the mitochondria have been stressed or weakened, they may be further damaged during cellular fractionation and become leaking. In our study, although the CsA-and FK506-treated cells preserved cyt.c in mitochondria during ATP depletion as shown by immunofluorescence, their mitochondria had been weakened by ATP depletion and as a result, could be damaged to leak cyt.c during cellular fractionation. In contrast, in the immunofluorescence experiment, cells were fixed to preserve cyt.c subcellular localization for analysis.
In the present study, Drp1 dephosphorylation showed a general correlation with mitochondrial fragmentation, Bax accumulation, cyt.c release, and apoptosis following ATP depletion. However, the correlation is not complete. For example, CsA at 0.5 and 2 M only had marginal effects on Drp1 dephosphorylation and Bax accumulation (Figs. 2 and 4) , but it could significantly suppress apoptosis at these concentrations (Fig. 6B) . Although the exact cause of the inconsistency remains to be determined, we speculate that, in addition to the intrinsic/mitochondrial pathway, tubular cell apoptosis may also involve other mechanisms that are sensitive to CsA inhibition. One such mechanism may be MPT, which can be effectively inhibited by CsA. We also noticed that low concentrations (0.1-1 M) of FK506 could almost completely block Drp1 dephosphorylation (Fig. 2) , but its effects on mitochondrial fragmentation and Bax accumulation were not as impressive (Figs. 3 and 4) . The results suggest that mitochondrial events of apoptosis are not determined only by Drp1. This observation is consistent with the current understanding of the regulation of mitochondrial dynamics, which involves both fission and fusion and several critical regulatory proteins such as Fis1, Drp1, and mitofusins. Although 0.1-1 M FK506 did not block mitochondrial fragmentation or Bax activation, it significantly prevented apoptosis (Fig. 6C) . This result suggests that there are apoptotic events downstream of mitochondrial changes that are sensitive to FK506 inhibition. Apparently, further studies in these areas may gain new insights into the full picture of tubular cell apoptosis.
In addition to their effects on mitochondrial injury and apoptosis, CsA and FK506 also showed beneficial effects in long-term cell survival following ATP depletion injury (Fig.  6E) . However, the prosurvival effects shown at late time points appeared much less profound than the acute cytoprotective effects of CsA and FK506 on mitochondria and apoptosis. One plausible explanation is that, besides its role in Drp1 dephosphorylation and mitochondrial injury, calcineurin may also contribute to cell recovery following acute injury and as a result, its inhibition may slow down the recovery or regeneration of RPTC cells. Should this be true, the effects of the calcineurin inhibitors are expected to be "Janus-faced": protecting against acute injury but suppressing subsequent recovery. The sum result could then be a marginal improvement of long-term cell viability or number. Apparently, further investigation is needed to address this possibility.
In vivo, both CsA and FK506 are immunosuppressive and become nephrotoxic during prolonged use. The effects of these compounds on renal ischemia-reperfusion injury have also been studied, but the results are not consistent in the literature (12, 18, 22, 28, 30, 43, 44) . Compared with cultured tubular cells, the in vivo situation of renal ischemia-reperfusion injury is much more complicated and involves changes of renal hemodynamics, inflammation, tubular injury, and recovery, and many other relevant factors or events. In terms of tubular injury and death, cells die in vivo in several forms including both apoptosis and necrosis. While our current results show some protective effects of CsA and FK506 against apoptosis in cultured tubular cells, whether and how these inhibitors may affect other renal injury events remain unclear. Also, these compounds may affect not only initial injury but also renal repair or regeneration. Whether calcineurin inhibitors can protect against or aggravate ischemic renal injury probably depends on the dosage of the inhibitors tested, the time and duration of the drug use, and the characteristics of the injury model such as injury severity.
In conclusion, this study demonstrated Drp1 dephosphorylation during ATP depletion in renal tubular cells. Drp1 dephosphorylation may involve calcineurin and appears to be a key regulatory event of mitochondrial fragmentation and outer membrane permeabilization during tubular cell apoptosis.
